Interest for cabin thermal needs has strongly increased for the past 10 years, particularly due to heating. Indeed, the development of electric and hybrid vehicles stressed the need to rethink the cabin thermal design and the HVAC, this high-consuming auxiliary, which can dramatically decrease the vehicle electric range. Thus, this paper presents a detailed transient and mono-zonal model of a car cabin in order to predict the thermal needs. The model is developed using the MODELICA language via the DYMOLA environment. It considers conduction, convection, radiation heat transfers as well as the HVAC and water vapor impacts. The different assumptions of the model are discussed and important considerations usually not discussed are highlighted. The thermal loads are also analyzed. Finally, the heating and cooling thermal needs are computed for steady state mode and for convergence mode as well as for varying recirculation ratios. This work is useful to better understand the whys and wherefores related to the cabin thermal needs.
Introduction
For the past ten years, the electric vehicle developments and deployments have strongly accelerated. However, one of the major concerns with those vehicles is their low range. Hence, a lot of effort has been made to improve the vehicle range. It appeared that a major load for the battery is actually the HVAC system, which can consume as much energy as the motor in some conditions. Thus, additional development is necessary to decrease the HVAC energy consumption. One solution is to use a heat pump instead of the electric heaters typically used.
The work presented in this paper is part of a project which aims at developing a heat pump technology for electric vehicles. The project focuses particularly on the frosting issue with regards to the evaporator. Another important aspect of the project is to evaluate the gains that can be obtained from using heat pumps and evaluate other thermal strategies. In order to do so, a detailed thermal model of the cabin is required. Different models have already been presented in the literature. They are of different types.
A first category is composed of the CFD models (Versteeg and Malalasekera, 2007) . Some authors use those models to evaluate the thermal comfort (Fujita et al., 2001; Kataoka and Nakamura, 2001; Sevilgen and Kilic, 2012) . Others study the impact of specific aspects such as the windows opening, the glazing properties or the air quality (Al-Kayiem et al., 2010; Fujita et al., 2001; Zhu et al., 2010) .
On the other hand, lumped models, also called mono-zonal model, have been developed. Here, the cabin air is modeled by a single node and is therefore considered homogeneous (Marcos et al., 2014; Wischhusen, 2012) . Those types of models are mainly used to study the impact of some factors on the thermal load (Li and Sun, 2013; Torregrosa-Jaime et al., 2015) but can also be used for studying HVAC control (Sanaye et al., 2012) .
Finally, an intermediary approach between the two previous exists and is called the zonal approach. It consists in defining several air lumped nodes in a single air volume and linking them in order to exchange mass (Boukhris et al., 2009 ). The challenge here is then to use or develop a proper flow model between the nodes (Daoud and Galanis, 2008; Inard et al., 1996) . It can be seen as a simplified CFD approach in some cases. For vehicle applications, this approach is sometimes used but usually only with two nodes in the cabin (Torregrosa-Jaime et al., 2015; Wischhusen, 2012) .
Based on this review, it clearly appears that the most relevant category of models to study the cabin thermal needs takes the mono-zonal approach. It is therefore the one that will be developed in this paper.
Regarding the thermal need analysis, several authors have studied it (Iskandar, 2010; Li and Sun, 2013; Marcos et al., 2014; Mezrhab and Bouzidi, 2006; Torregrosa-Jaime et al., 2015) . However, they focused on air-conditioning needs (since it was the important aspect for conventional cars) but neglect heating needs. Furthermore, they have studied a limited number of cases and the assumptions have not been discussed.
Consequently, the aim of this paper is to address those issues.
To do so, a model is developed using the MODELICA language via the DYMOLA environment. First, an overview of the top level model is presented in this paper. Then the main models are presented. Through the model descriptions, the different assumptions of the model are discussed and important considerations usually not discussed are pointed out. Then, in the result section, the steady state mode is first analyzed, followed by the convergence mode, which correspond to the initial transient warm-up or cooldown phase. The thermal loads are analyzed for the steady state case and, for both mode, a sensitivity analysis is performed. Finally, cooling and heating thermal needs are computed.
Mathematical model

Model overview
Figure 1 is a view of the cabin top level model in the DYMOLA environment. It is composed of several models. First, the cabin model itself includes the thermal network and the cabin air node (moist air). The HVAC model handles the recirculation air flow and the heating/cooling of the air. It is operated by a controller which either adjusts the thermal power to reach the targeted cabin air temperature or imposes a constant thermal power depending on the user choise. The atmosphere model imposes the weather conditions. Finally 5 records are used here as an interface for model parameterization. First, there is the thermal network. It includes the heat transfer exchanges with the exterior. In addition, two cabin internal nodes are defined and connected between each other and to the walls. The first corresponds to the cabin air and the second to the internal solid mass (seats, dash board…).
Second, a fluid flow network is represented. It represents the moist air flows. It is particularly of interest since it computes the properties of the recirculation air, it determines the water vapor condensation rate in the evaporator and also computes the water vapor mass balance in the cabin taking into account passenger water vapor generation.
This model is described in more details in the following sections.
Atmosphere model
Basically, the atmosphere model is quite simple. It is here to provide 5 inputs: outside air temperature, outside air humidity, solar direct and diffuse flux as well as the sun direction vector. One can directly provides this information as parameters. Instead of giving directly the solar vector, it is also possible to write a latitude and longitude with the date and time. Then, using calculation from (ASHRAE, 2009), the solar vector is computed.
It can be noted here that the atmosphere variables are transferred to the other models via the 'inner'/'outer' method.
Wall model
The wall model presented in Figure 2 is the thermal network between the cabin interior and the outside environment (all thermal components are from the MSL Thermal library). 
Similarly, the thermal balance at the inner wall node is expressed as follow:
In eq. (1), the solar flux , is computed via a submodel described in section 2.4. In addition, the convection coefficient and are given in section 2.5. The wall thermal resistance and the thermal capacitances and are determined by basic calculations taking into account the multilayer structure of the wall. It is done in a generic way such that both opaque body (with an inner skin, a lining material and a outer skin) and glazing surfaces can be handled by the same model.
An interesting aspect here is that the radiation heat transfer has been considered both for inner and outer wall surfaces. The outer surface exchanges by radiation with a so called environment IR temperature . Determining this temperature is not trivial. Depending on the surfaces, it could be equal to the outside air temperature, but it also could be equal to the sky temperature, which can be far lower than the outside temperature for clear skies. In addition, during summer, the floor sees the road which can have a very high temperature compared to the air. In the model, those aspects are configurable. For the clear sky temperature, the correlation from (Swinbank, 1963 ) is used.
Furthermore, in eq. (2), one can observe that the internal radiative heat exchange is between the wall and the internal mass (the seats, the dashboard",…) via a view factor. First, this view factor is not easy to determine. In addition, the radiative heat exchanges between the walls themselves are not considered.
The impact of those different assumptions are evaluated in the results section. The direct solar flux received by a surface with a normal is given by (with the scalar product between the solar vector and and the solar flux):
•
Then, the total diffuse flux received is:
With the horizontal diffuse flux, the angle between and the vertical, the albedo and the global flux.
Finally, the solar fluxes are given by eq. (5) and (6).
Convection sub-model
The wall model also includes a convection sub-model. The convection in this thermal problem is quite complicated. Indeed, the geometry is complex and natural and forced convection can be mixed. A detailed analysis of the convection correlations has been conducted here. First, it can be noted that the cabin walls are often assumed to be flat plates. Hence, the general correlations for flat plates (see (Bergman et al., 2011) ) are often used. For instance, eq. (7) is for forced parallel and turbulent flow and eq. (8) is for natural convection over a vertical plate. All applicable flat plate correlations have been implemented in the code.
In addition, for internal convection, correlations of the form of eq. (9) (Abou Eid, 2016) and used in building applications have also been evaluated. The coefficients c and n are adjusted depending on the situations (floor, ceiling, vertical walls, mixed convection…).
Finally, for external correlations around the vehicle (car, bus or train), several authors (Fujita et al., 2001; Kataoka and Nakamura, 2001; Li and Sun, 2013; Mezrhab and Bouzidi, 2006; Zhang et al., 2009 ) use their own specific correlation in the general form of eq. (10) (with a, b and c constants). Most of the authors define a minimum value which is applied for low velocities.
In order to give an idea on how the correlations compare, Error! Reference source not found. plots the computed coefficients. It appears that the general trends are similar except for the laminar correlations and Li's correlation. However, the coefficients can be multiplied by 1.5 from one correlation to the other. The impact of those correlations is evaluated in the result section. By default, the (Fujita et al., 2001 ) correlation and the eq. (9) with c=3 and n=1/3 (mixed convection) are used.
Passenger model
As shown in Figure 3 , the model takes into account the passenger thermal loss and the passenger water vapor generation . According to (ASHRAE, 2009) , it is assumed that a person emits 70W of sensible heat and 35W of latent heat. The latent heat is converted to a mass flow rate in the model and not added in the thermal network. Only the mass flow rate is injected in the cabin volume and is then considered for the mass and energy balances. The number of passengers can be adjusted.
Cabin model
The cabin model is shown in Error! Reference source not found.. It includes the wall and passenger models that just have been presented. In the figure, only one wall model appears. However, an important feature here is that it is actually a vector of walls. Thus, the number of walls, opaque or transparent walls, can be varied. This allows adjusting to the exact vehicle configuration. In this model, the energy balance applies for the internal mass node :
With : • • (12) An assumption that can be discussed here is the approach with the internal mass and the way the radiation problem is treated. It follows the approach used in (Marcos et al., 2014) where a "base" node is defined. The internal mass is assumed to be a black body and to receive all the radiation heat fluxes: the solar transmitted flux as well as the IR flux from the inner surface of the walls. It is useful to consider this internal mass since it has a strong impact on transient results. In addition, due to the complex shape of the internal masses and their high emissivity and absorptivity, it makes sense to assume a black body here. Those points are discussed in the result section.
Then, the energy balance is applied to the air volume:
With , ° the enthalpy of water vapor at 37°C.
In addition to the energy balance, the mass balances also apply:
A key point here is of course the water vapor mass balance which will determine the humidity ratio in the cabin air and impact the HVAC either by requiring additional fresh air to avoid mist and/or by adding a cooling load to the evaporator.
HVAC model
The HVAC can be seen as an external component of the cabin. Therefore, one could want to focus on the cabin and not to consider at all the HVAC for the determination of thermal cabin needs. However, considering the HVAC is actually required here to properly compute the thermal cabin needs, which translate into the HVAC thermal loads. Indeed, knowing the water vapor condensation rate at the evaporator is important since it can strongly impact the total A/C needs. Moreover, this condensation rate is required when addressing the cabin dehumidification needs, which also translate into cabin needs. In addition, the thermal needs are strongly dependant on the recirculation ratio, which is controlled by the HVAC. The cooling/heating element is composed of a fan, a cooling HX and a heating HX. The fan model is the 'PrescribedPump' model from MSL Fluid library and the heating HX is modeled with a 'DynamicPipe' from the same library. Only the cooling HX is modeled via an ad hoc pipe which is able to handle water vapor condensation. To do so, the sensible heat exchange is computed as follow:
Then, the water vapor condensation rate is given by (when ; null otherwise):
Then, it comes:
At this point it can be noted that the controller of the HVAC (see Figure 1 ) can adjust the evaporator sensible cooling power and the heating power to obtain proper cabin air temperature and humidity (and hence to satisfy the cabin needs: (heating, cooling, dehumidifying). It is also possible to impose both sensible cooling power and heating power. Then, using eqs. (16) to (18), the is computed followed by and . Here, it can be noted that the heat-pickup (or loss) in the air distribution system (dashbord and recircirculation channel) has been neglected.
Model parameters
The model requires a full list of parameters. There are not presented in detail here due to conciseness considerations. Basically, the car geometry is described by the wall areas and orientations. In addition, thicknesses and thermal parameters are required. For the following results, parameters from a mid-size car are applied (main parameters given in Table 1 ). In addition to those parameters, when one wants to compute the cabin thermal needs, operating condition parameters are required. Those parameters are presented in Table 2 . As we will see, some of those parameters strongly influence the results. They are in a sense arbitrary and depend more on the manufacturer philosophy (specifications), but they have to be carefully considered by one who wants to study thermal needs due to their strong influence.
In addition to the parameters given in Table 2 , the target cabin temperature is set to 23°C. The number of passengers is 0 for heating and 4 for AC. No sun is considered for heating and the sun is defined by 700 . and 117 .
for A/C. The vehicle speed is set to 45 km/h. And the initial condition is a cabin at (all thermal nodes). 
Model validation
The experimental validation of the model is being carried out at the moment. Hence, the results were not available for this paper but they will be presented in a following paper. The first tests conducted with a crane cabin (and not a car cabin, due to industrial partner needs) were very encouraging since the cabin temperature was predicted within +/-1°C. The first tests suggested that the thermal parameters need to be filled carefully and that the analysis conducted in this paper are valid.
Model results
Reference cases -steady state
To start the analysis, let's have look at the thermal loads at 0°C and 40°C (the other parameters are as given in section 2.9) in steady state. Figure 7 presents the thermal loads at 0°C. The total heating need is 2.3 kW. It can be observed that the fresh air is responsible for more than half of the needs. Then, the heat transfer occurs more through glazing. For the air-conditioning case at 40°C presented in Figure 8 , the load split is more complex. The total cooling load is 2.9 kW. 1/3 is due to the solar, 1/3 due to fresh air and the last third due to heat exchange with the exterior temperature through wall and due to the passengers. Because the recirculation ratio is high, the fresh air sensible load is low. However, the high humidity level results in an important fresh air latent load. It is important to take into account this load since the A/C system will have to overcome it. 
Sensitivities -steady state
In this section different assumptions were varied for the two reference cases (at 0°C and 40°C).
First, the different correlations presented in section 2.5 were tested. Using flat plate natural convection correlation for the internal surfaces can decrease by 10% the thermal needs. For external surfaces, the sensitivity to the correlations is less than +/-3%.
Several cases were tested to evaluate the dependence on radiative assumptions. The IR environment temperatures have been assumed to be all the sky temperature or all the outside air temperature. A case with a road at 80°C has also been considered. The view factors between each wall and the internal mass have been varied from default value to 1. For all those cases, the sensitivity was less than +/-3%. A case with no radiative heat exchange inside the cabin has been considered. It decreased by 7% the thermal heating need and 5% the cooling needs for the reference case using the mixed convection correlation for the inner convection. However, if pure natural convection conditions prevail, neglecting the inner radiation decreases by 17% the heating and cooling needs. Hence, internal radiation needs to be taken into account.
The impacts of the conditions selected in section 2.9 have also been analyzed via the following cases:
 Case 1: 25% increase in blown air flow rate (with same recirculation rate as default case)  Case 2: recirculation rate at 50%  Case 3: target cabin temperature set at 20°C  Case 4: stationary vehicle The results are presented in Table 2 . It is clear that those operating conditions have strong impacts on the results, far more important than the majority of previous modeling sensitivities. Therefore, it means that, when talking about the cabin needs, the related considered conditions should be clearly stated, particularly the recirculation rate considered and the blown air flow rate. 
Cabin needs -steady state
The thermal cabin needs in steady state conditions are presented in Figure 9 . Between 5 and 20°C, the dehumidification (cooling and heating at the same time) is taken into account. Based on the previous discussion, needs for varied recirculation ratio from 0 to 100% is added to the curves (without taking into account dehumidification needs). It corresponds to the grey bands.
For the dehumidification zone, the required heating is between 1 to 2 kW. Then, at -10°C, it increases up to 3.6 kW. Those numbers are the same order of magnitude as the average traction power for an urban trip (taking into account stops), though lower. Thus, it appears clearly here why the heating is so damageable for electric vehicle range for a basic case using electric heaters. The A/C needs are also high but the they increase less with respect to the temperature above 25°C because of the high recirculation ratio considered and the A/C system has a better COP then the electric heaters. 
Reference cases -convergence
Similarly to what has been done for steady state, two reference cases, based on operating conditions described in section 2.9 at 0°C and 40°C, are analyzed. Figure 10 is a plot of the cabin air temperature during the warm-up. 4 kW heating is required to reach the targeted temperature within the targeted duration. The heating power is applied continuously during the simulation and that is why the temperature exceeds the target at the end of the simulation. For normal cases, once the targeted temperature is reached within a certain interval, a real HVAC control algorithm would decrease the thermal power and converge approximately towards the steady state required power (values presented previously). Here, the controller is not modeled in details and just a constant-power transient is analyzed.
The results for the cool-down at 40°C are presented in Figure 11 . Here, 3.5 kW were required to reach the proper temperature within the required duration. A rapid change of slope can be observed on both curves. It separates two transient phases. The first one corresponds to the air capacity and the second one to the wall and internal capacities. This separation is not so obvious in practice since the HVAC power also integrates a transient phase, which smoothes the curves.
Sensitivities -convergence
A sensitivity analysis with regards to the thermal capacitances has been conducted. It appears that the internal mass has 3 times more influence than the wall capacitances, but the dependency is not so important since an increase by 50% of the internal mass capacitance results in an increased less than 7.5 % of the required power.
On the other hand, the assumption with an internal mass separated from the air cabin by a convection resistance has been analyzed. Integrating directly the internal mass capacitance to the air (i.e. without convection resistance) increases by 9% and 28% respectively the heating needs and the cooling needs. In addition, if the inner radiative couplings are considered between the walls and the air (instead of between the walls and the internal mass), the cooling needs are increased by 15%. Of course, those two approaches do not represent the reality, but this analysis emphasizes the fact that the internal mass has to be considered properly.
Furthermore, a sensitivity analysis on the conditions given in Table 2 is conducted with the following cases:
 Case 1: targeted temperature at the end of the convergence 2°C lower than steady state.  Case 2: required duration to reach proper cabin temperature is 10 min instead of 15 min initially.  Case 3: initial condition: vehicle parked under sun (and so initial cabin temperatures higher than outside temperature). Results are presented in Table 3 . The two first cases have impacts around 10%. On the other hand, taking into account a case with the cabin under sun for hot cases increased by more than 40% the thermal needs. 
Cabin needs -convergence
The thermal needs for convergence are presented in Figure 12 . In addition to the 'with or without recirculation' grey band, a point at 40°C corresponding to the case with a parked vehicle under the sun is added since it increases a lot the needs.
For the convergence mode, the heating needs are roughly twice the needs for the steady state mode. The increase is less important for the cooling needs.
Those results suggest that, for an electric vehicle, the usage will have a strong influence on the thermal needs and, thus, on the vehicle range. Indeed, if the vehicle is used only for urban trip, short distances but lots of time at low speed or even stopped, the HVAC consumption will be high due to convergence mode.
Figure 12. Convergence thermal needs
Conclusion
A transient thermal model of a vehicle cabin has been developed. Different model assumptions have been discussed and analyzed. The results showed that the model is not so sensitive to some non trivial modeling aspects such as the convective correlations. However, it appeared that neglecting the inner radiation or the internal thermal node can have an important impact in some cases (up to 15 to 25% approximately). On the other hand, it appeared that, if one wants to determine the thermal cabin needs, the considered arbitrary conditions actually dramatically influence the results. In addition, it is important to consider the dehumidification needs and the latent heat generated in the evaporator.
The model allowed establishing the thermal needs for the steady state case as well as for the convergence mode. The heating needs for the convergence mode are roughly twice the needs for the steady state mode. In addition, the thermal needs are of the same order of magnitude as the traction needs. The results clearly indicate that the thermal needs are damageable for electric vehicle range, particularly the heating, and that the vehicle usage is determinant.
In future work, the proposed model will be integrated in an electric vehicle model in order to study different thermal strategies such as the use of a heat pump, pre-conditioning and thermal storage. The model can also be used to evaluate improved cabin thermal design. 
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